A reverse transcription-polymerase chain reaction (RT-PCR) was developed for specific detection of RNA1 and RNA2 of two barley mild mosaic virus strains (BaMMV-Kal and BaMMV-Nal) and a barley yellow mosaic virus strain (BaYMV-II-1). Mechanical inoculation of barley cultivars with a mixture of BaMMV-Kal and BaMMV-Nal, followed by RT-PCR to detect RNA components in infected plants, revealed that the RNAs of the two strains were exchangeable in vivo to generate all nine possible combinations containing at least one RNA1 and one RNA2. Infected plants with mixed or reassorted RNAs were selected and used as inocula for further analysis of cultivar reactions. The results demonstrate that the pathogenicity and symptomatology are determined solely by RNA1. In contrast, following inoculation with mixtures of BaYMV-II-1 and either
Sequence data from this article have been deposited with the DDBJ, EMBL and GenBank databases under the accession numbers D64069 (BaMMV-Kal) and D64070 (BaMMV-Nal).
terminal halves of RNA1 of the two Japanese BaMMV strains (BaMMV-Kal and BaMMV-Nal; Kashiwazaki et al., 1992) and the whole of RNA2 of a German BaMMV isolate (Timpe & Ktihne, 1994) indicates that BaMMV has a similar genetic organization but only a low level of sequence similarity to BaYMV.
In this study, a reverse transcription-polymerase chain reaction (RT-PCR) was developed for specific detection of RNA1 and RNA2 of BaMMV-Kal, BaMMV-Nal and BaYMV-II-1. To examine relationships between the RNA components and pathogenicity, barley cultivars were inoculated mechanically with a mixture of the two BaMMV strains, and RNA components in infected plants were assessed by RT PCR. Infected plants with different RNA combinations were selected and used for further analysis. Co-inoculation experiments were also done with BaYMV-II-1 and BaMMV-Kal or BaMMV-Nal.
BaMMV-Ka 1, BaMMV-Na 1 and BaYMV-II-1, maintained in barley cv. Ishukushirazu (for BaMMV) or cv. New Golden (for BaYMV), were used for mechanical inoculation. Barley seedlings were inoculated at the oneand-a-half leaf stage with infected plant sap, and grown at 13-15 °C as described by Kashiwazaki et al. (1989b) . For co-inoculation with two viruses, equal volumes of sap were mixed and inoculated onto barley seedlings.
Oligonucleotide primers for RT-PCR were designed based on the nucleotide sequences reported for BaMMV-Kal and BaMMV-Nal RNA1 (Kashiwazaki et al., 1992) and BaYMV-II-1 RNA 1 and RNA2 (Kashiwazaki et al., 1990 (Kashiwazaki et al., , 1991 regions in RNA2 of the two BaMMV strains, newly determined using selected clones from the cDNA libraries described by Kashiwazaki et al. (1992) , were also used to design primers.
Forward primers S 1 (5' A A G G A T C C A T G G C A G G A C A C G A A G A A C C A 3') or $7 (51 A A G G A T C C A T G T C A G G A A A A G A T G A T -CCA 3/) were used in combination with a reverse primer $3 (5' A A A G G C C T C T A C C G G A G G A G C G C C T C G -T G 3') to amplify the whole capsid protein coding region in RNA1 of BaMMV-Kal or BaMMV-Nal, respectively. A forward primer $4 (5' A A G G A T C C A T G G C T -G C T G A T C C T C T C A C T 3') and a reverse primer $6 (5' A A A G G C C T T T A G G T T A G T T C T G G G T G T C C
3') were used to amplify the corresponding region in BaYMV-1I-1 RNA1. These five primers contain additional nucleotides (underlined) for a restriction site or an initiation codon (not used in this study).
Forward primers $20 (51 T C A T C T T A A T A G G T A G G C A T C A G 3/) or $21 (5 / G A C A T C G T C T C A A T A G A T G A T G A 3') and a reverse primer $25 (5' T T A C G A G C T G A T A G T -
A A T C A G C G 3 I) were used to amplify the 3' non-coding region in BaMMV-Kal or BaMMV-Nal RNA2, respectively. A forward primer $28 (5' GCACTACACAA-
A T T G G A A C T C T 3 I) and a reverse primer $30 (5' C C A G A G A A A G A A T A T T A T T G C G C 3'
) were used to amplify a middle part of BaYMV-II-1 RNA2.
Total nucleic acid was extracted from approx. 10 mg of leaf tissue with a Sepa Gene nucleic acid extraction kit (Sanko Junyaku, Japan), and dissolved in 50 lal of sterile distilled water. One microlitre of the total nucleic acid was used for a 5 gl RT reaction with 250 ng of a reverse primer and 20 units of Superscript reverse transcriptase (Gibco-BRL). The whole of the RT mixture was used for a 25 ~tl PCR reaction with 250 ng of a forward primer and 0.6 units of AmpliTaq DNA polymerase (Perkin-Elmer) in a 30 cycle programme of 1 min at 94 °C, 2 min at 65 °C and 3 min at 72 °C. An aliquot (5 lal) of the PCR product was electrophoresed on a 1% agarose gel.
Electron microscopy of virus particles and agarose gel electrophoresis of viral RNAs were done as described by Kashiwazaki et al. (1989a) .
The specificity of six pairs of primers for RT PCR detection of RNA1 and RNA2 of BaMMV-Kal, BaMMV-Nal and BaYMV-II-1 was examined using total nucleic acid isolated from barley leaves infected singly with each virus. Analysis of the R T -P C R products ( Fig. 1 ) showed that each R N A component was detected only with one specific primer pair. The lengths of DNA amplified from each RNA component and the fragments obtained by subsequent digestion with selected restriction enzymes (data not shown) correspond to those expected from the nucleotide sequence. Sensitivity tests indicated that RT PCR with any of the six primer pairs detected target RNA components in 1 gl of a 1/5000 dilution (about 10 pg) of the total nucleic acid samples.
As an initial attempt at co-inoculation, 25 seedlings of cv. Ishukushirazu were inoculated with a mixture of BaMMV-Kal and BaMMV-Nal. Three weeks later, mosaic symptoms began to appear on the third leaves, (Table 1) were inoculated with a mixture of BaMMV-Kal and BaMMV-Nal, or with each strain separately. After inoculation with separate strains, plants (16-32 %) of cvs New Golden and Ishukushirazu were infected with each strain, but no plants of cv. Misato Golden were infected with BaMMV-Kal, and no plants of cvs Shiromugi 6 or Tosan Kawa 73 were infected with BaMMV-Nal, as reported by Nomura et al. (1995) .
After the co-inoculation experiments, plants (16-62 %) of all five cultivars were infected, and all infected plants were examined by RT-PCR (Table 1) . Although Ishukushirazu and New Golden are susceptible to both strains, only a few infected plants of Ishukushirazu had RNA1 and RNA2 pairs from both strains (K1N1K2N2). A number of infected plants of the two cultivars contained only one pair of RNAs from either BaMMV-Kal (KIK~) or BaMMV-Nal (N1N2). Other infected plants had heterologous combinations of two RNA1 and one RNA2 molecules (K1N1K 2 or K1N~N2), or one RNA1 and two RNA2 (K~K2N ~ or N~K2N~), or one RNA1 and one RNA2, but from different sources (i.e. pseudorecombinants; K~N 2 or N~K~). In Misato Golden, which is susceptible to BaMMV-Nal but resistant to BaMMV-Kal, all infected plants contained RNA1 only from BaMMV-Nal. Conversely, in Shiromugi 6 and Tosan Kawa 73, both of which are susceptible to BaMMV-Kal but resistant to BaMMV-Nal, all infected plants, except two Shiromugi 6 plants, had RNA1 only from BaMMV-Kal. These results suggest that the ability of the two BaMMV strains to infect these barley cultivars is controlled by RNA1. The occurrence of two Shiromugi 6 plants with RNA1 from both strains can be explained by a complementation between the two RNA 1 molecules, but the possibility that this cultivar is not completely resistant (immune) to BaMMV-Nal cannot be excluded. One of each co-inoculated plant of Ishukushirazu with progeny RNA combinations K~N~K2N2, K1N1N 2 or K~K2N2 was selected and used as inoculum for healthy seedlings of the five cultivars (Table 1) . ARer inoculation with K1NIK2N ~ or K1NaN2, all five cultivars became infected, whereas after inoculation with K~K2N2, Misato Golden was not infected, as expected from the absence of BaMMV-Nal RNA1 from the inoculum. A limited number of infected plants, largely cv. Ishukushirazu, had the same RNA combination as used for the inoculum, and many plants of all cultivars, except Misato Golden, were infected with the pseudorecombinant K1N 2. All infected plants of Misato Golden contained RNA1 only from BaMMV-Nal, whereas those of Shiromugi 6 and Tosan Kawa 73 contained RNA1 only from BaMMV-Kal. These results are consistent with those obtained in the primary co-inoculation experiments described above.
One of each Ishukushirazu plant with pseudorecombinants KIN ~ or N1K2, obtained as a result of the primary co-inoculation, was used as inoculum for healthy seedlings of the five barley cultivars, and one of each Ishukushirazu plant infected after the first inoculation was used for a second inoculation to seedlings of the five cultivars ( Table 2) . Plants of all cultivars infected after the first and second inoculations were shown, by RT-PCR, to maintain the reassorted RNAs. These plants contained filamentous virus particles with two modal lengths, 500-600 and 250-300 nm. No difference in particle morphology from the parental strains was observed. Moreover, etectrophoresis of RNAs from purified particles of either pseudorecombinant gave only two bands of 7.6 kb and 3"5 kb.
In the first and second inoculations, the five barley cultivars showed consistent reactions to the two pseudorecombinants (Ta~ :e 2). Ishukushirazu and New Golden were infected w~ either pseudorecombinant. Misato Golden was infected only with N1K~, whereas Shiromugi 6 and Tosan Kawa 73 were infected only with K1N ~. The results consolidate the above described indication that RNA! determines the pathogenicity. Furthermore, the symptoms on these cultivars induced by KIN ~ and N1K 2 ( Table 2) were very similar to those induced by BaMMV-Kal and BaMMV-Nal, respectively (Nomura et aI., 1995) . Thus, RNA1 also determines the symptoms of these cultivars.
Seedlings of New Golden were also inoculated with a mixture of BaYMV-II-1 and BaMMV-Kal or BaMMV-Nal. All infected plants were shown by RT-PCR to contain one pair of RNA1 and RNA2 from either virus, or two pairs of RNAs from both ~4ruses. No heterologous combinations of RNAs were observed.
The results from co-inoculation with BaMMV-Kal and BaMMV-Nal revealed that RNA components of the two strains were sufficiently compatible to generate all nine possible combinations, containing at least one RNA1 and one RNA2, in infected barley plants. The infection rate was generally low after co-inoculation with the two strains, as well as after separate strain inoculations. The low infection rate would be one reason why, after co-inoculation, the mixed population of RNAs from the inoculum segregated into different combinations. It is also likely that there is competition between RNAs in vivo, because, when plants with mixtures of RNAs (K1N~K~N 2 or K1NtN2) were used as inocula, a pseudorecombinant KIN 2 was preferentially observed in subsequently infected plants.
Our results demonstrate that BaMMV RNA1 has determinants for pathogenicity and symptomatology. Sequence analysis of the 3'-terminal halves of RNA1 of BaMMV-Kal and BaMMV-Nal has shown that they have approx. 10% nucleotide differences distributed throughout the sequenced parts (Kashiwazaki et al., 1992) . Hence, any relationship between sequence differences in the two strains and their different pathogenicity or symptomatology cannot easily be elucidated. Infectious cDNA clones from RNAs of the two BaMMV strains would be a good tool to identify the gene(s) in RNA1 responsible for pathogenicity and symptomatology.
Co-inoculation with BaYMV-II-1 and either BaMMV-Nal or BaMMV-Kal gave no heterologous RNA combinations in infected plants, suggesting that the RNAs of the two viruses lack compatibility. This would be expected because they have no serological relationship (Huth et al., 1984) and low sequence similarity (Kashiwazaki et al., 1992; Timpe & Kiihne, 1994) . Thus, to confirm the involvement of BaYMV RNA1 in pathogenicity, co-inoculation experiments using different BaYMV strains are required.
